Cathodes can serve as inexhaustible electron donors to microorganisms in pure cultures or communities (Marshall et al., 2012; Rabaey & Rozendal, 2010) . Electroautotrophic microorganisms can fix CO 2 using cathodes as electron donors (Jeon et al., 2012) . Growth of bacteria on electrodes allows for real-time monitoring of respiratory processes in microorganisms, and has the potential to yield insights into biological processes behind metal corrosion and oxidation (Rowe et al., 2014) . Cathode-oxidizing bacteria are also of interest because of the potential for electrosynthesis of desirable organic chemicals, bioremediation and biosensor applications, but these have been hampered by the lack of a robust, highly productive electroautotroph (Rosenbaum & Franks, 2014) . Several isolates have been obtained from aerobic biocathodes, but none are autotrophic, despite the evidence that autotrophy is possible . Attempts to grow autotrophic bacteria in pure cultures on high potential [>À0.1 V vs Standard Hydrogen Electrode (SHE)] electrodes have had limited success, including very slow growth and limited production of biomass (Bose et al., 2014; Ishii et al., 2015; Summers et al., 2013) .
A stable, transferable, autotrophic microbial community has been maintained in the lab for over five years, and we have developed it as a model system for understanding the mechanisms of electroautotrophy using culture-independent methods Wang et al., 2015) . From these efforts, we have identified an autotrophic organism initially described as an uncharacterized member of the family Chromatiaceae (UC) as the key member of the community . Despite several attempts at isolation, we have been unsuccessful at obtaining a pure culture. Here, we use the information gleaned from cultureindependent methods to identify the relevant phenotypic traits and phylogenetic placement of the key autotrophic member of this community and describe it as 'Candidatus Tenderia electrophaga'.
Biocathode MCL (Marinobacter-Chromatiaceae-Labrenzia) was grown in artificial seawater medium (ASW) at 30 C on a carbon cloth electrode at 0.310 V vs SHE for 35 days as previously described . An approximately 3 cm Â 5 cm piece of carbon cloth was cut into small pieces using an ethanol-sterilized razor blade and placed in 15 ml ASW . The sample was vortexed at maximum speed for 30 s, sonicated in a sonicating water bath for 20 s, and vortexed again for 30 s. The entire resulting extract (cells plus graphite particles) was pelleted by centrifugation at 13 000 g for 1 min. Total genomic DNA was extracted using the Qiagen Puregene Yeast/Bacteria Kit (Qiagen) following the manufacturer's suggested protocol for Gramnegative bacteria. The quality of the purified DNA was assessed on an agarose gel prior to library preparation. SMRTbell libraries with 5-10 kb inserts were prepared following low-input protocols (PacBio SampleNet -Shared Protocol, 2014) and sequenced on 9 SMRT cells using P6-C4 chemistry on a PacBio RS II. Contigs were assembled using the Hierarchical Genome Assembly Process (Chin et al., 2013) resulting in a 3.7 Mb circular chromosome and a 106 kb circular plasmid, together with many small contigs from lower abundance community members. Base composition of the chromosome and plasmid was 59.2 mol% G +C. Using SMRT sequencing data it is possible to detect DNA base modifications and assign methyltransferase-specific motifs (Clark et al., 2012) . Genomic and plasmid DNA from the same organism would be expected to have the same methyltransferase-specific motifs. Motifs independently calculated in both the 3.7 Mb genome and 106 kb plasmid were determined to be a perfect match. It is therefore highly likely that the genome and plasmid are from the same organism.
The phylogenetic position of UC was examined using both rRNA and conserved protein sequence information. Sequences of 16S and 23S rRNA genes of sequenced representatives of related genera were obtained from the Integrated Microbial Genomes (IMG) database (https://img.jgi. doe.gov/) and the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/). Preference was given to type strains with finished genomes. Ribosomal RNA sequences were aligned using the SILVA Incremental Aligner (SINA), which takes into account secondary and tertiary structure (Pruesse et al., 2012) . After trimming to equal lengths, the alignments were used to reconstruct phylogenetic trees using MEGA 6.06 (Tamura et al., 2013) . For all phylogenetic trees, the Model Selection tool was used to identify the evolutionary model with the lowest Bayesian information criterion score that was compatible with the type of analysis. For both the 16S and 23S rRNA genes, this was the General Time Reversible (GTR) model assuming a gamma distribution of changes between sites (Nei & Kumar, 2000) for maximum-likelihood (ML) analysis, and the Kimura 2-parameter model was the lowest scoring for neighbour-joining (NJ) analysis (Kimura, 1980) . Phylogenomic analysis of UC was performed using CheckM v.0.9.7 to identify conserved domains from genes present in most bacteria and align them to the multiple sequence alignment in CheckM database v.1.0.4 (Parks et al., 2015) . This alignment was taxonomically pruned to match the subset of genomes used for the rRNA analyses, and used to reconstruct a ML phylogenetic tree, using the Le Gascuel model with 500 bootstrap replications (Le & Gascuel, 2008) and a NJ tree using the Dayhoff model with 500 bootstrap replications (Schwartz & Dayhoff, 1978) .
The standard gene for molecular identification of a novel strain is the 16S rRNA gene, and reconstruction of a maximum-likelihood phylogenetic tree based upon this gene places UC within the order Chromatiales (Fig. 1) , but three lines of evidence cast doubt upon this affiliation. Bootstrap replication indicates that this position is poorly reproducible, with only 21 % of pseudoreplicates producing that node. Furthermore, based upon distance metrics, UC is as close to members of the orders Thiotrichales and Oceanospirillales as it is to the Chromatiales. Additionally, UC lacks an insertion sequence in the 16S rRNA gene that is present in nearly all Gammaproteobacteria, including the Chromatiales, but is absent in Thiotrichales and Alphaproteobacteria lineages. This casts doubt upon the placement of UC within the Chromatiales.
Using the 23S rRNA gene as a marker, UC is part of a clade that contains a representative of the order Thiotrichales, genus Cycloclasticus (Fig. 2 ), but by nucleotide identity alone, it is most similar to Thioalkalivibrio sulfidophilus HLEbGr7
T , a member of the family Ectothiorhodospiraceae. Further investigation of its phylogenetic position using concatenated amino acid sequences of the conserved domains of 104 proteins from CheckM (Parks et al., 2015) places UC within a well-supported clade containing members of the genera Nitrosococcus and Methylophaga, which have been placed in the orders Chromatiales and Thiotrichales, respectively (Fig. 3) . Both rRNA based methods result in low bootstrap values, indicating low reproducibility of the surrounding nodes, and they conflict with the conserved protein phylogeny. Therefore, UC appears to belong near the unresolved base of the Chromatiales and the Thiotrichales, and it is not possible to give it a more definite phylogenetic placement than Gammaproteobacteria.
Annotation of the closed genome sequence using RAST (Overbeek et al., 2014) and Pathway Tools v. 18.0 (Karp et al., 2009 ) provided information about the likely features of this novel organism. The presence and expression of genes involved with CO 2 fixation via the Calvin-BensonBassham (CBB) cycle indicate that it is an autotroph Wang et al., 2015) . Previous investigations have shown that the community does not produce current in an anaerobic environment (Strycharz-Glaven et al., 2013) . A predicted pathway enabling extracellular electron transport to be coupled to O 2 reduction via cytochrome c oxidase complexes indicates that UC is likely adapted to growth under microaerophilic conditions (Smith et al., 2000) .
Cyclic voltammetry indicates that the community has a midpoint potential of approximately 450 mV vs SHE, which is likely to be primarily due to UC. Considering the phylogenetic placement of this organism between two groups commonly thought of as sulfur oxidizers, it is surprising that it lacks known genes necessary for the oxidation of sulfide or thiosulfate, and genes that would enable utilization of ammonia as an electron donor. The closed genome does not contain genes for production of photosynthetic pigments or photosynthetic reaction centers, nor is bacteriochlorophyll observed in the biofilm via autofluorescence (N. Lebedev, unpublished), leaving chemolithoautotrophy as the most likely metabolism for UC.
A full complement of flagella biosynthesis and structural genes was present in the genome, and two flagellin proteins were among those previously identified by proteomics , suggesting that UC is motile. The same proteomic analysis found expression of PilQ, which is necessary for formation of type IV pili (Drake & Koomey, 1995) . Genes encoding type IV pili, which are associated with attachment and twitching motility (Mattick, 2002) , were found in the genome, and probably play an important role in association with extracellular electron donors, as they do with extracellular electron acceptors (Childers et al., 2002) . The presence of 36 genes annotated Che-type chemotaxis regulators, including eleven within the main flagella operon, indicates a significant amount of control over motility (Silverman & Simon, 1977) . From the genome it is not possible to identify the signal to which these regulators respond, but their abundance suggests that UC can sense and respond to local environmental conditions.
Four complete small organic molecule transporters were found in the genome. These included eight ATP binding cassette di/oligopeptide transporter genes in two clusters, and two complete sets of genes for a tripartite ATP-independent periplasmic transporter (Forward et al., 1997; Higgins, 2001 ). It is unclear whether these are used for secretion or uptake. This may suggest a limited ability to utilize organic substrates, but thus far heterotrophic growth has not been observed on any medium.
Morphology and growth habit of UC was determined using fluorescence in situ hybridization (FISH)-labeled samples imaged using confocal microscopy. Samples for FISH were fixed with 2 % (w/v) paraformaldehyde (Electron Microscopy Sciences) diluted in artificial seawater for 1 h on ice, prior to embedding in a solution of 0.1 % (w/v) low-melting-temperature agarose (Sigma-Aldrich) with 1 % paraformaldehyde in deionized water. The agarose solution was applied at~45 C and the samples were rapidly cooled on ice, and stored at 4 C for 16 h. The samples were dried in a vacuum desiccator for approximately 1 h and dehydrated in an ethanol series consisting of 25 % and 50 % ethanol in water with 5 mM EDTA (Ambion), followed by 75 %, 90 %, and 100 % ethanol in water. After evaporation of residual ethanol, the samples were permeabilized with lysozyme (1 mg ml À1 ) (Sigma-Aldrich) and proteinase k (50 µg ml Fig. 2 . Phylogenetic reconstruction based upon 23S rRNA gene. ML reconstruction using the GTR. Nodes present in >50 % of bootstrap resamplings are marked with the proportion of occurrence in the ML and NJ methods above and below the node, respectively. Bar, 0.05 substitutions per site. Sequence source is identified by NCBI accession number, except Thiohalospira halophila HL 3 T , which is not available in NCBI.
(Sigma-Aldrich) in phosphate-buffered saline (PBS) at 37 C for 10 min. Following permeabilization, the samples were washed once with PBS, and hybridized with the following fluorescently labeled oligonucleotide probes for 16S rRNA and 23S rRNA: Tel428-Tidefluor 2 (5¢-CGTCATTA TCCTCCCTGCTGAA-3¢), Alpha1963-Tidefluor 3 (5¢-GGAAGTCGTTACGCCATTCGTGC-3¢) and Gam42a-ATTO647N (Manz et al., 1992) Biocathode growth and electrochemical characterization on the gold-plated electrodes were similar to the previously reported characteristics of this community on both graphite coupons and carbon-cloth electrodes in ASW Wang et al., 2015) . During growth on a cathode of any material, the bacterial community forms clumps of cells, with a small amount of planktonic cells. FISH reveals that the clumps consist of mostly UC, with some other organisms attached at the periphery (Fig. 4) & S. Strycharz-Glaven, unpublished data). Cells that are positive for the Tel428 probe have a rod-shaped morphology, approximately 1.8 µm long and 0.6 µm in diameter (Fig. 4) . However, these cells have been fixed in paraformaldehyde and subjected to FISH, so there may have been some changes in morphology. Biocathodes that have not been fixed display similar morphology, with clumps of cells, usually ranging from 5-15 µm in height and 15-50 µm in diameter, with scattered individual cells attached to the electrode. This indicates that there is some shrinkage, but the general morphology of the sample is preserved throughout the hybridization process.
Several methods of cultivating microorganisms from the biocathode were used in an attempt to obtain pure cultures of its constituents and several of the major components of the biofilm were isolated . Once it was apparent that UC was not cultivable on Marine Agar (ZoBell, 1941) , other media formulations were attempted. A proposed link between iron oxidation and electrode growth led us to attempt to cultivate UC on media developed for neutrophilic iron-oxidizing bacteria . Iron-sulfide gradient tubes stabilized with molecular grade agarose (0.15 %) are a common method of isolating neutrophilic iron-oxidizing bacteria (Emerson & Floyd, 2005) , and these were used both with and without the buffering agents piperazine-N,N¢-bis(2-ethanesulfonic acid) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. Several of these tubes yielded bacterial growth, but the organisms isolated from them were always either Labrenzia sp. or Phaeobacter sp. Presumably, these were utilizing oligosaccharides from the agarose as a carbon source, although no liquefaction of the tubes was evident.
Because of the phylogenetic relationship to sulfur-oxidizing bacteria, hydrogen sulfide and thiosulfate were used as electron donors. Sulfide gradient tubes were prepared in a manner similar to the FeS gradient tubes, only using sterilefiltered neutralized sulfide plugs (10 mM final concentration). Thiosulfate was added to the medium for both soft agarose tubes and petri plates consisting of ASW stabilized with 1 % molecular grade agarose. Again, only heterotrophic bacteria were isolated. These unsuccessful attempts to isolate UC using sulfide and thiosulfate as electron donors give empirical support to the genomic evidence that it cannot use these sulfur species as an electron donor. Because UC is somewhat closely related to methylotrophs in the genus Methylophaga, methanol (0.5 % v/v) was used as a carbon source in ASW + 1 % agarose plates, but no growth of UC was observed.
The inability of this organism to grow in a pure culture may be a result of an unmet metabolic requirement fulfilled through symbiosis within the community. The genome was examined for incomplete biosynthetic pathways for critical cell components using Pathway Tools (Karp et al., 2009) . We found that it contains genes encoding proteins to synthesize the corrinoid precursor uroporphyrinogen-III, but does not contain any genes for any of the steps dedicated to vitamin B12 biosynthesis until the final assembly of the cofactor from threonine, riboflavin, and cob(I)yrinate diamide (Martens et al., 2002) . Adding vitamin B12 to the medium did not lead to growth in FeS gradient tubes, and heterotrophic bacteria belonging to the genera Labrenzia and Phaeobacter were again the only organisms isolated from these.
We propose the taxonomic status 'Candidatus' (Murray & Stackebrandt, 1995) for the putative electrode-oxidizing autotrophic member of the Gammaproteobacteria.
Description of 'Candidatus Tenderia electrophaga'
'Candidatus Tenderia' (Ten.de¢ri.a. N.L. fem. n. Tenderia, genus named after Leonard M. Tender, a pioneering researcher in the development of microbial electrochemical technologies). electrophaga (e.lec.tro.pha¢ga. Gr. n. electron amber; Gr. v. phagein, to eat; N.L. fem. n. electrophaga, eater of electricity).
Slender rod-shaped bacteria, approximately 1.8 Â 0.6 µm, Gram-negative, forms clumps on graphite or gold cathodes poised at 310 mV vs SHE. Autotrophic via the Calvin-Benson-Bassham (CBB) cycle, utilizing extracellular electron donors to generate ATP and reducing equivalents via reverse electron transport. Aerobic or microaerophilic, non-photosynthetic with no evidence of ability to grow chemolithoautotrophically with ammonium or reduced sulfur species as electron donors. Mesophilic growth in artificial seawater. The basis of recognition as a novel candidate genus and species within the Gammaproteobacteria is a phylogenetic position that is not clearly within any known family. The closest species with validly published names are within the orders Chromatiales and Thiotrichales. Cells are recognized with the 16S rRNA specific oligonucleotide probe Tel428 (5¢-CGTCATTATCCTCCCTGCTGAA-3¢). The DNA G+C content is 59.2 mol%. It grows as a member of a bacterial community enriched from marine sediments and seawater collected in near shore water at the Rutgers University Marine Field Station (Tuckerton, NJ, USA).
